It is well established that the expression of many ornamental traits is dependent on the current condition of the bearer. However, conditions experienced in early life are also known to be important for an individual's subsequent fitness and therefore, directly or indirectly, for the fitness of their mate. Specifically, a recent hypothesis suggests that sexually selected traits might be sensitive to conditions experienced during early-life development and thereby function as honest indicators of developmental history. Whether this applies to colourful male plumage, however, is largely unknown. We tested this idea with a field experiment by manipulating neonatal nutrition in a sexually dichromatic passerine, the hihi (Notymystis cincta). We found that carotenoid supplementation increased nestling plasma carotenoid concentration, which was in turn correlated with increased yellow saturation in male breeding plumage after moulting. We also found that the postmoult luminance (lightness) of the white ear-tufts tended to be reduced in males that had received an all-round nutritional supplement as nestlings. Black breeding plumage was not affected by neonatal nutritional treatment. Although the mechanisms that generate colourful plumage are evidently diverse, our results show that at least some parts of this display are accurate indicators of environmental conditions during development.
Introduction
Environmental conditions during development are of crucial importance for an individual's subsequent life history [1] . In particular, nutritional deficiencies during prenatal and/or early postnatal development can have subtle longterm consequences beyond obvious effects on immediate growth rates. For example, some adult secondary sexual traits, such as song repertoire size in great reed warblers (Acrocephalus arundinaceus) [2] and eye-span in stalk eyed flies (Cyrtodiopsis dalmanni) [3] , are detrimentally affected by a poor nutritional start in life. The developmental stress hypothesis (DSH) was originally proposed to explain how song complexity might honestly indicate male quality by reflecting an individual's developmental history [4] . More recently, the DSH has been used to explain condition dependence of a broader range of sexually selected traits, particularly in terms of the nutritional constraints experienced as neonates [5] . By heeding these signals, females stand to receive direct benefits via superior traits correlated with good developmental conditions and/or indirect genetic benefits if developmental stability is heritable.
Colourful avian ornaments are also susceptible to perturbations in developmental environment [6] [7] [8] but their potential role as developmental indicators, particularly in natural populations, has received limited attention. It is reasonable to expect a link between developmental environment and colourful traits. The long-term effects of developmental nutrition on morphology, physiology and metabolism can influence adult ability to assimilate the dietary pigments necessary for pigment-based coloration [9, 10] , and potentially also to form & 2013 The Author(s) Published by the Royal Society. All rights reserved.
feather nanostructures necessary for structural coloration [11] . A number of studies have considered the immediate effects of developmental environment on nestling plumage colour [12 -15] , demonstrating, for example, the importance of maternally invested egg yolk carotenoids for yellow plumage in nestling blue tits [16] . In addition, some studies have tracked the downstream effects of developmental environment on colourful adult traits. However, these have tended to focus on non-plumage-based ornaments, such as the fleshy red wattles of ring-necked pheasants (Phasianus colchicus) [8, 17] , and the carotenoid-based bills of zebra finches (Taeniopygia guttata) [7, 10, 18, 19] and mallard ducks (Anas platyrhynchos) [20] . Despite this important work, the relevance of developmental conditions for colourful adult plumage is largely unknown.
The sensitivity of colourful adult plumage to developmental conditions may depend on the mechanism of colour production, which varies with the particular colour displayed. In adult birds, different mechanisms of colour production are affected by condition during moult to varying extents, and consequently signal different information. For example, colourful plumage resulting from the deposition of carotenoid pigments is often strongly influenced by environmental factors [21 -23] . Melanin-pigmented plumage, in contrast, is traditionally considered to be under stronger genetic than environmental control [24] [25] [26] , and therefore less likely to be influenced by the developmental environment. Meanwhile, there is increasing evidence that structural colours (e.g. blues and whites) show condition dependence [27 -30] . In a similar way, colourful ornaments produced by different mechanisms may respond to different aspects of the developmental environment, or show differing degrees of developmental sensitivity, and consequently signal different information about developmental history.
The aim of this study was to investigate experimentally the downstream effects of neonatal nutrition on male breeding plumage in the New Zealand hihi (Notiomystis cincta), a sexually dichromatic passerine. Adult males display a black melanin-pigmented head, back and breast, yellow carotenoid-pigmented shoulders and wings [31] , and structurally coloured white ear tufts. We provided nestlings with nutritional and carotenoid supplements in a balanced and fully crossed experimental design, and subsequently examined the consequences for male breeding plumage. We predicted that properties of the carotenoid-based yellow plumage would be enhanced in nutritionally and carotenoidsupplemented males, that properties of the white ear tufts would be enhanced in nutritionally supplemented males, and that the melanin-pigmented black would not be affected by either nestling treatment.
Material and methods (a) Study species and site
Hihi are an endemic species of New Zealand. They are cavity nesters and lay clutches of three to five eggs [32] . All nestlings develop female-like plumage initially and fledge at the age of around 30 days. Juveniles then undergo a partial moult of body feathers, starting about six weeks after fledging and finishing about three months after fledging (L. Walker 2011, unpublished data), during which time males obtain their breeding plumage. All birds reach breeding age in their first year and do not undergo a subsequent pre-breeding moult. Therefore, body feathers grown during the post-fledging moult will last until after their first breeding season.
Adult hihi eat nectar, fruits and invertebrates. Nectar provides a source of carbohydrates [33] ; fruits provide a source of carbohydrates, lipids, fibre and carotenoids (Walker, unpublished data) ; and invertebrates provide a source of protein [34] and probably carotenoids [35] . The proportion of each food type in the adult diet varies with season and population. Estimates for summer, when adults are feeding nestlings, range from a high proportion of nectar (83% nectar, 6% fruit and 11% invertebrates; [36] ) to a high proportion of invertebrates (18% nectar, 13% fruit and 70% invertebrates; [33] ). Nestling hihi are fed a combination of nectar, fruit and invertebrates by their parents [37] . The precise proportion of these food types in the nestling diet is unknown, although invertebrates are believed to be the dominant food source up to the age of 8 -10 days [38] .
We studied a hihi population of approximately 100 pairs on 220 ha Tiritiri Matangi Island (36836 0 S, 174853 0 E). All adults were ringed, all nesting attempts occurred in nest boxes and all nestlings were ringed prior to fledging. Supplementary food (sugar water; 20% by mass) was provided year-round at six feeding stations across the island.
(b) Experimental design
All first-clutch nests (n ¼ 84) in the 2010 -2011 austral breeding season were randomly assigned to one of two nutritional treatments; a 'nutritionally supplemented' treatment (Nþ, n ¼ 42) or a 'control' treatment (N2, n ¼ 42 ; provided in 30% by mass solution). As a control, nestlings in N2 nests were hand-fed a sugar water solution (20% by mass, as provided year round at feeding stations and known to be provisioned to nestlings by parents [39] ). Using a graduated plastic syringe, nestlings were fed every second day between four and 20 days of age. Volume fed increased incrementally from 0.2 ml at the age of four days to 3.0 ml at 20 days (see the electronic supplementary material, table S1). The resulting amount of supplement (and therefore amount of constituent nutrients) consequently increased as nestlings grew, and was based on Wombaroo manufacturer recommendations (see the electronic supplementary material for details).
Within all Nþ and N2 nests, some nestlings had their nutritional treatment enhanced with carotenoids (Cþ) and some did not (C2). The carotenoids lutein and zeaxanthin were provided in the form of OroGLO liquid (Kemin Industries) at a final concentration of 100 mg ml 21 (based on recommendations in [40] ; see the electronic supplementary material for details), and at volumes specified previously. Lutein and zeaxanthin are the principle carotenoids used to pigment yellow feathers in hihi, and their ratio in OroGLO closely matches that found in the circulating plasma of un-supplemented birds [31] .
This design created four treatment groups (N þ Cþ, N þ C2, N 2 Cþ, N 2 C2), with a nestling-oriented carotenoid supplement overlaid on a brood-oriented nutritional supplement. Treatment group was randomly assigned to the heaviest nestling in a nest, and carotenoid treatment was then alternated down weight rank while nutritional treatment was held constant. Thus, nestlings within a brood shared the same nutritional treatment but could each differ in carotenoid treatment, allowing for within-brood comparisons of carotenoid effect. All nestlings within a brood received a treatment and so in the case of uneven brood sizes the number of Cþ and C2 nestlings was unbalanced.
Parents continued to provision nestlings throughout the treatment period. Individual nestlings were identified by rspb.royalsocietypublishing.org Proc R Soc B 280: 20122852 uniquely trimmed body down when less than or equal to 8 days, and by colour rings when more than 8 days. Nestlings were weighed each time they were hand fed. At 21 days nestlings were ringed with a unique combination of one metal ring and three colour rings, and a blood sample was taken by brachial venipuncture. Blood samples were centrifuged within 3 h to separate plasma, which was stored at 2208C for later analysis of plasma carotenoid concentration. A total of 287 nestlings were treated, across four treatment groups (68 N þ Cþ, 76 N þ C2, 72 N 2 Cþ, 71 N 2 C2).
(c) Plasma carotenoid concentration
Plasma samples were analysed for total carotenoid concentration by high-performance liquid chromatography (HPLC), as described previously [41] . Further details are given in the electronic supplementary material.
(d) Plumage colour measurement
Treated nestlings from first clutches fledged throughout December 2010. In March and April 2011, at the end of moult, juvenile males were caught for plumage colour measurement. Reflectance spectra were recorded using a USB-2000 spectrometer (Ocean Optics Inc., Dunedin, FL, USA), DT-Mini Lamp (Deuterium Tungsten Halogen source) and a reflectance probe. The probe was held at 908 to the surface being measured. Each spectrum was an average of four scans and was calculated relative to a diffuse reflectance standard (WS-1, Ocean Optics Inc., The Netherlands). The equipment was calibrated immediately prior to each bird being measured. Repeated measurements were taken from the left and right yellow shoulder patches in all males caught (n ¼ 49 males), and from the black head (n ¼ 41 males) and the white ear tufts (n ¼ 35 males) in those males that were advanced enough in moult. The probe was lifted and replaced between repeat measurements within a body region (six repeats each for yellow and white regions, three for black region). Since a minority of birds had not finished moulting, body moult was scored at the time of colour measurement as 'finished' or 'not finished'. Treated males were captured again for plumage colour measurement in October 2011 (n ¼ 25 males), at the start of their first breeding season. In addition to the measurements taken immediately post-moult, measurements of yellow and white patch size were made (this was not possible until all individuals had moulted the full extent of their yellow shoulders and white ear tufts). Two repeat measurements of white ear tuft length were taken using digital calipers. Digital photographs (Olympus Mju 300) were taken of the ventral surface, the left flank and the right flank of each bird to capture the entire yellow area. Two repeat photographs were taken of each region. A scale rule was included in each image, and yellow patch size was calculated in IMAGE J by calibrating the scale and outlining yellow area using the freehand tool. Measurements of reflectance spectra and patch size were made blind with respect to nestling treatment.
(e) Plumage colour analysis
Reflectance spectra were analysed using models in tetrahedral colour space to extract hue, saturation and luminance variables for each colour patch [42 -44] (see the electronic supplementary material for full details). Briefly, we first calculated photon catch values for the four single cones, used in colour vision, and the double cones, used in luminance vision, based on the reflectance spectra and measures of irradiance [44] . Values generated using 'd65' irradiance levels and with blue tit spectral sensitivities are presented. Our measure of luminance, the perceived lightness of a patch, was simply the double cone photon catch values. To calculate saturation, the amount of colour compared with white light, we plotted the standardized single cone catch data for each individual in avian tetrahedral colour space [44] and calculated the distance from the centre of the colour space. To calculate hue, the colour type (e.g. blue versus red), we used ratios based on photon catch outputs that are broadly inspired by the way that opponent colour channels work, based on performing a principal component analysis (PCA) on a covariance matrix of the standardized single cone data [45 -47] .
(f ) Data analysis
One-way ANOVAs were used to assess repeatability of the different plumage colour variables (following Lessells & Boag [48] [16, 49, 50] , justifying the use of these colour variables. Repeated measures were averaged per individual for use in subsequent analyses. We chose to use saturation and luminance (not hue) for each colour patch in subsequent analyses. Yellow hue and saturation were highly correlated (r ¼ 0.99, p , 0.001), and we chose to use saturation rather than hue as it most consistently reflects feather carotenoid content across species [51, 52] . Hue and saturation were also correlated in black (r ¼ 2 0.29, p ¼ 0.07) and white (r ¼ 0.48, p ¼ 0.004) plumage, and we again used saturation rather than hue. Luminance is encoded independently of colour and is analysed separately by visual systems, justifying its use for yellow, black and white patches.
Statistical analyses were carried out using R v. 2.13.0 [53] . The effects of nestling treatment and covariates on nestling plasma carotenoid concentration were investigated by fitting a linear mixed effects model using restricted maximum likelihood. Nest identity was included as a random effect in all models, to control for the fact that multiple nestlings from the same brood were sampled (details provided in the electronic supplementary material), and an induced covariance matrix was used to estimate the similarity among nestlings from the same nest. Nutritional treatment (Nþ/N2), carotenoid treatment (Cþ/C2), brood size (number hatched), hatch date (centred Julian date), and an interaction between nutritional and carotenoid treatments were included as fixed effects. Carotenoid concentration was Box-Cox transformed to meet the assumptions of normality and homogeneity.
The effects of nestling treatment and covariates on colour variables (saturation and luminance for all patches, plus patch size and ear-tuft length for yellow and white patches, respectively) were investigated by fitting linear models. Separate models were run with each colour variable as the response. Nutritional treatment, carotenoid treatment, brood size, hatch date, and, where relevant, moult score (finished/not finished) were included as explanatory variables. A random nest effect was not appropriate because most nests were represented by only one nestling by the time of colour measurement. To control for the minority of cases where siblings from the same brood were measured, nests were resampled 1000 times (details provided in the electronic supplementary material). The assumptions of normality and homogeneity were checked by the examination of residual plots. In cases where residual plots revealed substantial heterogeneity the linear model was fitted using generalized least squares, which allows the variance structure to be specified (details provided in the electronic supplementary material). In cases of non-normality the response variable was Box-Cox transformed. (d) Effects of treatments and covariates on white plumage colour after moult Supplementation with nutritional treatment influenced the eventual colour of the white ear tufts, but not in the way that we predicted: post-moult white luminance tended to be reduced as a consequence of supplementation (t ¼ 2 2.15, p , 0.05 for 52.1% of re-samples with n ¼ 27 nests; figure 2 ; electronic supplementary material, 4. Discussion
Our experiment shows that some (though not all) components of a male's colourful breeding plumage can accurately indicate the quality of the environment in which he developed, thus providing support for predictions of the developmental stress hypothesis. Previously, the importance of developmental conditions has been demonstrated for some colourful adult integuments [8, 10, 20] , and for nestling plumage [12, 14] , but never for adult plumage. The effect was most pronounced for yellow carotenoid-based plumage, which reflected multiple attributes of the nestling environment, such as brood size, hatch date and nutritional conditions. In particular, supplementation of the nestling diet with carotenoids increased plasma carotenoid concentration, and individuals with higher plasma carotenoid concentration, independent of treatment, went on to moult into breeding plumage that was coloured more intensely yellow. There are at least two mechanistic explanations for how early-life carotenoid access might influence carotenoidbased adult plumage. First, carotenoids provided to nestlings may be stored, for example, in the liver [54] , and later deposited in the integument during moult (in this case 1.5-3 months after fledging). Second, individuals with increased access to carotenoids as young birds may have an improved ability to assimilate carotenoids as adults [10] . That we find a correlation between nestling carotenoid concentration and adult plumage colour, but no effect of nestling carotenoid treatment on adult plumage colour, suggests that there is individual variation in nestling response to supplementation. Therefore, yellow plumage indicates not only the nature of the nutritional environment in which a male developed, but his intrinsic capacity to exploit those conditions as well.
We also found that the white ear tufts, whose colour is determined structurally, were influenced by conditions experienced during development, although not in a way we expected. Individuals that received the nutritional supplement as nestlings then displayed less bright white feathers after moulting into their breeding plumage. Previous studies have demonstrated positive effects of a high-protein diet on iridescent [29] and white [55] structural plumage and we assumed that our nutritional supplement, which contains proteins, would be beneficial for males. However, our results challenge this assumption. For example, we have found that nestling males whose diet was supplemented with Wombaroo suffered lower survival as a result [56] . Here, we show that males given Wombaroo also end up producing less brightly white plumage. Perhaps there is an optimal level of protein in the diet for developing males [57] , which was exceeded in our treatments, incurring both survival and signalling costs. Alternatively, or perhaps additionally, the lipid component of the nutritional treatment may have had a detrimental impact.
Since white plumage is not pigmented it was traditionally considered relatively cheap to produce [58] . However, evidence is accumulating that producing white feathers might be costly after all. For example, dark-eyed juncos (Junco hyemalis) maintained on enriched diets during moult grow larger, brighter white tail patches [55] , and house sparrows that undergo an accelerated moult develop less bright white wing-bars [59] . White feather barbs consist of a central air vacuole surrounded by a keratin cortex and typically lack nanostructural organization [60, 61] . The white appearance of feathers is a result of the incoherent scattering of all wavelengths of light by feather keratin [58] , and it has been suggested that a thicker keratin cortex may reduce the amount of white light reflected [61] . Potentially, this mechanism might be at work in hihi, with early nutritional stress (such as too much protein) impairing a male's future ability to produce a keratin cortex of the appropriate thickness.
Finally, and consistent with previous work suggesting melanin-based traits are largely free from nutritional influence [22, 26, 62] , we detected no effect of our nestling feeding treatments on black breeding plumage. Nevertheless, after controlling for any dietary manipulation, we found that earlier-hatched males had darker black plumage by the breeding season than later-hatched males. We cannot tell from our data whether this correlation is driven by the environment or by intrinsic qualities of the parents (because, for example, individuals that are more melanic might breed earlier in the season and pass on any genetic predisposition to be melanic to their young).
All of the effects of the developmental environment on male breeding plumage found immediately after moult had declined by the time the breeding season began. The most likely explanation is that colour changes occur in the feathers during this five to six month period, perhaps as a result of feather degradation, feather soiling and/or pigment degradation [63] . Our data therefore show that it is unwise to assume that the extent of coloration is fixed once feather pigments have been deposited and/or the feather microstructures determining any structural colours are grown. What are the implications for the potential signalling function of this colourful plumage? At this stage, we have no definite answers because it is not yet known whether male hihi plumage functions to attract mates, or to repel rival males [64] , or both. Nevertheless, during the winter months following the moult, hihi aggregate in social groups providing plenty of opportunity for plumage assessment-whether by rival males or potential mates. In other species, plumage displayed well before the breeding season begins can still influence reproductive behaviours many months later [65] and it would be interesting to determine whether the same is true for hihi.
In summary, we have shown that colourful plumage grown after leaving the nest is a window on the developmental history of the male [5] , in common with other avian integuments that are known to be affected by neonatal environmental conditions [8, 10] . Although the mechanisms that link developmental history with colourful plumage have yet to be identified, our study adds to the diversity of secondary sexual traits whose expression is strongly linked to the environment in which they developed.
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